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1 . I NTRODUCT I ON 
1.1 Introductory Remarks 
The introduction of prestressed concrete as a construction material 
in the past two decades has prompted many laboratory investigations into the 
subject. Strength and behavior of prestressed members and structures have been 
studied in a variety of long- and short-term tests. There have, however, 
been relatively few long-term investigations under field conditions where 
behavior is strongly affected by the varying environment. 
The Department of Civi 1 Engineering and the Engineering Experiment 
Station of the University of Illinois, in cooperation with the Illinois 
Division of Highways and the U. S. Department of Transportation, Federal 
Highway Administration, undertook, in 1965, a field study of the long-term 
behavior of prestressed concrete bridges in order to produce some relevant 
information. 
The first two bridges studied under the program were reported on in 
Refs. 1 and 2. The studies on both bridges included camber and strain 
measurements on girders in the bridges, lC3boratory stored creep and shrinkage 
specimens, and field stored creep and shrinkage specimens. Serious differences 
which could not be satisfactori ly explained were noted between the data 
from the bridge beams and the corresponding field specimens, and between 
laboratory and field specimens. 
This report describes the construction and behavior of two model 
structures which are 1/8 scale models of rows of interior beams of the structure 
located in Douglas County (2)*. The models were constructed in an attempt 
to find a satisfactory correlation between measured deformations in the 
* Numbers in parenthesis refer to entries in the List of References. 
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model structures and In creep and shrinkage specimens under the same laboratory 
conditions, and to provide supplementary information to aid in the interpre-
tation of the data from the prototype structure. 
Thework-desc r i-bedi n th-isre~port cove-rs parts of Phases 2a, 2b, 
2c, and 2d of the projects work schedule. 
1.2 Object and Scope 
This report describes the design, construction, and instrumentation 
of two one-eighth scale models of parts of three span, prestressed concrete 
highway bridges. Each span consists of one I-section precast girder, and 
the structures were made continuous for live loads by means of non-prestressed 
reinforcement in the composite deck. The width of each deck is scciil1ed 
to represent half the distance to adjacent beams on each side of the model 
beam. 
In addition to the six precast beams used In the continuous structures, 
two additional beams with composite decks were cast and each was tested 
to fal lure as a simple span under a modeled HS-20 truck loading. 
Long-term measurements of strains, cambers, and reactions are being 
made on the two model structures. Test cylinders were cast with each beam 
and wi th each deck for use in determining concrete strengths and modul i. 
The two interior span beams and the decks also have companion creep and 
sh r I nkage spec i mens. 
The results of concrete strain, beam deflection, and strand force 
measurements are given for-all of the model beams. 
The test structures and the properties of materials are described 
In Chapter 2. The method of fabrication, the equipment used, and the instru-
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mentation are discussed in Chapter 3. The various test specimens used to 
determine the long term behavior of the beam and deck concretes are de-
scribed in Chapter 4. The loading tests on the two simple span beams and 
the -dete-rminati on ofinfluence-l- inesfor --reac-t i onand-deflecti-onsa-re 
described and discussed in Chapter 5. Chapter 6 presents the results of 
measurements made on the models, and Chapter 7 presents the results of 
creep and shrinkage measurements on the specimens described in Chapter 4. 
Chapter 8 is a summary. Much of the detai ied disc.ussion and anaiysis of 
the data on the long-term behavior presented herein is included in a separate 
report (3). The three-span structures wi 11 be tested to fai lure later, and 
a separate report covering these tests also will be issued. 
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2. TEST STRUCTURES AND MATERIALS 
2.1 Descr'iption of Test Structures 
The test structures are 1/8 scale models of a longitudinal section 
along the length of the field structure in Douglas Co0nty (2). Each struc-
ture is three spans long and represents a single row of interior beams. The 
cast-In-place deck and diaphragm dimens'tonscwere scaled dlre~tly 
from,_dimensi.on, of the Douglas County bridge. The three spans are made 
continuous by the diaphragms and reinforcement in the composite deck. The 
,elevation of the test structure is shown in Fig. 2.1. 
Each girder is 9 ft 1 1/8 in. long and 6 in. deep. The elevation 
of a typical girder is shown in Fig. 2.2 and a cross-section showing dimen-
sions and prestressing strand locations is shown in Fig. 2.3. The shapes of 
the various stirrups are shown in Fig. 2.4, and a finished reinforcing cage 
is shown in Fig. 2.5. The cage has four longitudinal top bars, 85 long web 
sti rrups, eight shorter anchorage zone web stirrups~ and 95 top flange stirrups. 
The individual stirrups were spaced as shown in Fig. 2.2. 
The 7/8 in. thick deck was reinforced continuously both top and 
bottom and in both the transVerse and longitudinal directions. Additional 
top longitudinal bars were placed over the interior supports to provide 
negative moment continuity. The cross-section shown in Fig. 2.6 shows the 
location of the deck reinforcement. 
The reinforcement was scaled directly from that in the Douglas County 
test structure. While the sizes and spacing of the non-prestressed rein-
forcement were in general scaled from the prototype structure, the replacement 
could not be made on a bar-for-bar basis since the model bars were only of 
standard size 'wire,. In all cases, the correct reinforcement ratios were 
maintained. The only exception was that the i,nterior diaphragms 'were unre-
inforced in the models. 
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The area of prestressed be·lnfor¢e~nt supplied was slightly greater 
than the scaled value. Eight strands were used in the model structure 
instead of the 38 used in the prototype, and the combination of avai labi lity 
of different strand sizes and the need to drape about one-quarter the strand 
led to a steel area about 13 percent higher than the correct scaled value. 
The excess area was compensated for by lowering the steel prestress level 
by 13 percent so that the initial concrete stresses would be the same as 
in the prototype. 
Concrete piers provided the supports for the three-span model struc-
tures. The tops of the piers were 48 in. high in order to allow clearance 
for the compensating dead weights and to make reading of strain lines 
eas i e r. 
The model structures rested on three roller reactions and one hinge 
reaction at an internal support. Fig. 2.7 shows a profi 1e of the hinge 
reaction and a roller reaction. Each roller reaction included a thin-walled 
load cell to enable measurement of changes in reaction. Each load cell was 
machined from 6061-T6 aluminum and fl'tted with eight bonded foi l-type strain 
gages. The dimensions: Length· 2.0 in., r .0. = 0.875 in., and 0.0. • 
1.0 in. The sensitivity of the load cells was about 7 Ibs per dial division 
deflection on a portable strain Indicator. 
Beams t1Bl and MB2 were simply supported on bearing plates centered 
1 in. from each end of the beam until they were prepared to be tested to 
fal lure. When the frame was set up for making the test to fai lure, one 
end of each beam was set on a roller while the other end was supported on 
a half-round hinge. The testing procedure is discussed in Chapter 5. 
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A complete record of events for the model beams fs given in Table 2.1. 
This table includes the dates of casting, release of prestress, casting of 
the decks, and tests to failure. 
2.2 Materials Used in the Model 
2.2.1 Prestressing Steel 
The prestressing strand initially chosen was piano wire. It was 
used onl~ in MB1, since the load test on MBl resulted in a bond failure, 
as shown in Fig. 2.8. The wire diam. was 0.105 in. 
The final seven beams were prestressed with 3 x 19 AMGAL Glavanized 
Oceanographic Rope. The Oceanographic Rope was of 1/4 in. nominal diam and 
consisted of three strands with 19 wires each. The three strands were 
used sepa rate 1 y as pres tress i ng strands for the mode 1 beams. Each strand 
had an area of 0.00913'square 'inches. 
The cable had a specified minimum ultimate stress of fl - 246 kips/in. 2 
s 
Three 19-wi re strand samples were tested to failure. The average stress at 
fa i lure was f I == 277 ks j, and the ~ t.i ma,tee 1 ongat i on in the one tes t where 
s 
it could be measured was 3.5 percent in a 10 in. gage length. A typical 
stress-strain diagram for the strand in air is given in Fig. 2.9, and it 
shows E IIiII 22,500kips/in. 2 and a yield stress of 232 kips/in. Z for 0.1 percen.t 
offset strain. It is probable that the effective modulus in the beams is nearer 
to 27,000 kips/in. 2 , because of the confIning effect of the concrete in 
preventing untwisting during stressing. Each strand was pretensioned to a 
force of 1360 lb. 
2.2.2 Non~restressed Steel 
The nonprestressed reinforcement in the model beam consisted of No. 
13,15, and 19 gage black annealed wire (U.S.S.W.G.), as indicated in Fig. 2.4. 
-9-
The reinforcement for the slab was No. 11, 13, and 15 gage wire as illustrated 
in Fig. 2.6. The straightening process strain-hardened the wi re, and in 
order to restore the flat-top yield plateau to the stress-strain curve, 
reinforcement was annealed at 1050°F in an oven for two hours and then 
allowed to cool in the oven overnight. Three samples of each size of wire 
used in the deck and the gIrders were tested. The average yield and ulti-
mate stresses for each sIze of wire are listed in Table 2.2. In all cases, 
the steel exhibited a sharply defined yield point and a long yield plateau. 
The steel was acid-bathed in a solution of commercial grade muriatic 
acid and water mixed in proportions of 1 :6, respectively, in order to remove 
the mill-scale resulting from the annealing process. The beam reinforcement 
was then bent to the proper shape in a specially-made jig, and allowed to 
-accumu l-ate--a-thln- surface--coa-t-of--rus-t-; Thisp-rocess-gave --bette r-bondw-i th-
the concrete. The slab reinforcement had to be scrubbed with steel wool 
before it was spot welded to form the slab reinforcing grIds because the 
rusted bars could not be satisfactorily welded. 
2.2.3 Concrete 
The beam concrete had a design compressive strength of f' - 5,000 Ib/ 
c 
in. 2 at 28 days, and a minimum required strength of 4,000 lb/rn. 2 at the time 
of release of the pretensioning force. Essentially the same mixes were 
used in the decks since it was found that the concretes in the prototype 
beams and deck were of comparable quality even though the specified compressive 
2 
strength of the prototype deck concrete was only 3,500 lb/in. 
The concretes for all beams and deck slabs were made wIth Type 3 
cement, coarse sand, and coarse aggregate ranging from 3/8 down to that 
passing a No.4 sieve (0.185 in. opening). The concrete was placed in the 
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beam forms ,only with consideraBle arfficulty, and consequently the mix 
was changed several times as the work progressed in order to obtain better 
wo rk ab i 1 i ty . 
The mix proportions are listed in Table 2.3 for each beam and deck. 
The water:cement ratios, cement:sand:gravel ratios, the maximum size of the 
aggregate, the air content for those cases where an air entraining agent 
had geenadded, and the slump are given. The water:cement ratios are for 
the water added to the mix. The effective ratios were somewhat lower since 
dried aggregates were used in all mixes. Darex air entraining agent was 
added at the rate of 0.17 oz per cu ft of concrete (0.7 oz per 94 lb sack 
of cement) in those mixes where an air content was reported. The slump of 
the deck concrete was much higher than that of the beam concrete, but the 
only difference in the mixes was the use of 3/8-in. aggregate in the decks 
and #4 aggregate in the beams. The strengths and time-dependent deformations 
were about the same for both concrete types. 
The compressive strengths and Young1s modulus values for the concrete 
are given in Table 2.4, for various ages. Representative strain-curve for 
beam and deck concretes are shown in Fig. 2.10 and 2.11, respectively. 
The concretes were mixed in horizontal pan mixers having capacities 
of either 2 cu ft or 1/2 cu yd, depending on the quantity of concrete needed 
for the structural element and tests specimens. 
2.2.4 ~gregate 
The coarse aggregate used in MBl consisted of unsieved pea gravel with 
maximum diameter of 3/8 in. A great deal of trouble was experienced whi 1e 
trying to place the concrete mix in the forms. Since the larger pebbles 
did not eas i 1 y pas s th rough. the s paces be tween the re info rcemen t, i twas 
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necessary to find a smaller size aggregate. Therefore", sieved pea gravel 
with a maximum size of 1/4 in. was used in M82. This also proved to be 
unsatisfactory because of the difficulty in placing the concrete. 
The coarse aggregate for MB3 and MB4 was obtained by splitting the pea 
gravel on the #4 sieve. The portion retained on the #20 sieve was used in 
the beams. This aggregate gave satisfactory results from the standpotnt 
of concrete mix placement, but the sieving operation was very time consuming. 
It took about one hour of sieving on the Gi 1son Shaker to obtain ten pounds 
of the desired portion of the pea gravel. It was therefore decided to try 
to sieve the pea gravel on the Link-Belt CA Vibrating Screen located at 
the Civil Engineering Department Structural Dynamics Laboratory. The pea 
gravel was passed through the #4 sieve on the vibrating shaker twice. How-
ever, this process resulted in a very small quantJ.ty of the 
aggregate size desired. The next step was to find an aggregate giving a 
greater yield from the #4 - #16 size material. A more suitable aggregate, 
"Buckshot", was obtained from Ponti ac Stone Co., Mahomet, 111. Fi ve tons 
of this material were sieved on the vibrating shaker. Approximately 700 
lbs of model beam aggregate was obtained from this operation. This quantity 
of material was enough for beams MBS through MBS. The fines from this 
material were removed by splitting on the #16 sieve of a Ty-Lab Tester. 
Gradation curves are shown in Fig. 2.12 for the various types of 
aggregate used in the mode 1 beams. For a 11 the beams coarse sand was used 
as the fine aggregate. A sieve analysis for this coarse sand is also shown 
i nth i s fig u re . 
The slab aggregate consisted of the same coarse sand as in the beams 
and raw 3/8 in. pea gravel. 
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3. MANUFACTURING OF THE GIRDERS 
3.1 Prestressing of the Beams 
All the beams were cast on a single 9.5 ft long prestressing bed. 
The prestressing bed consisted of a 10 in., 15.3 lblft steel channel resting 
on 3 steel chairs. The bed was anchored to the floor with two pairs of 
tension rods. The fi rst step in the prestressing operation was the leveling 
of the prestressing bed. Next, the eight prestressing strands were strung 
through a jacking plate, the abutment plates, beam end-forms, and the 
mechanical hold-downs. The abutments were heavy steel A-frames which were 
anchored through the floor. Holes dri 1 led in the abutment plates positioned 
the prestressing strands properly. Mechanical hold-downs for the two draped 
strands were positioned 11 1/8 in. on each side of the beam midspan, as shown 
in Fig. 2.2. The six bottom strands were straight. 
As soon as all the strands were strung, they were secured at one 
end by strand grips. Alternate strands were equipped with electrical load 
cells at the end shown in Fig. 3.1 and 3.2, and the remainder of the strands 
had load cells placed on the other end. A typical arrangement of the grips, 
load cells, and jacking plate is shown in Fig. 3.3. Zero readings were 
taken on the load cells just prior to stressing the strands. 
The strands were fi rst individually pulled tight by hand to reduce 
the amount of residual spiral in the strand, and the strand grips were locked 
in place. The bottom set of six strands was then loaded to about 2/3 of 
the desired value using a bolt-driven jacking plate. The top two strands 
were then loaded to H~arly the design prestress value using the upper jacking 
plate. The b01rttom; strands were then stressed up to their design value, 
1360 lb per strand. 
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The strand forces were periodically monitored during each loading 
operation by reading the load cell strains with an electrical strain indi-
cator. 
The loading operation with the jacking plate was repeated unti 1 the 
force in the most highly stressed strand had reached almost the design value. 
The individual strand cap screws were then adjusted to obtain the design 
force in each of the eight strands. 
The individual pieces of nonprestressed reinforcement were cut to 
length and bent to shape in a bending Jig. The two pieces of the stirrups 
were welded together at the top with a spot welder. A reinforcing cage for 
a beam was then assembled. In the assembly process, the full-length longitud-
inal wi res were supported on wooden spacer blocks, and provided the basis 
of the framework. All joints were ties with AWG 24 copper wire. 
The deck reinforcement was entirely of straight pieces. Reinforcing 
mats were fabricated by welding all intersections of the bars with a modified 
stud welding machine us(ng capicator-stored electrical charges. 
The prefabricated reinforcing cage was then fitted around the prestressing 
strands. The legs of the stirrups straddled the draped strands. Eight 
bottom flange stirrups were placed around the bottom strands near each end. 
The nonprestressed reinforcement was tied to the prestressing strands with 
AWG 24 copper wire. 
After the reinforcing cage had been tied into the proper position, the 
side forms for the beam were bolted to the prestressing bed and to the end 
forms. The sIde forms were six inch channel sections with redwood Inserts 
shaped to give the desired I-section configuration. The redwood was treated 
with two coats of polyurethane varnish, and received an additional coating 
of "S1ippit," a lubricating form-release compound, before each casting. 
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3.2 Casting of the Beams 
Considerable difficulties were encountered while casting the first 
two model beams. These difficulties were the result of trying to optimize 
several factors at the expense of workability. First, a maximum size and 
percentage of large aggregate was desired in order to reduce shrinkage. 
Second, limited clearances existed because of the large amount of prestressed 
and non-prestressed steel in a very narrow cross section. Finally, it 
was very difficult to attain effective vibration in the bottom flanges. 
The use of gravel passing a #4 sieve solved the first two problems. 
Initially all the vibration was supplied by a 1 in. diam immersion vibrator 
wrapped in cloth and pressed against the form sides. The equipment was 
improved on successive beams until on MB6, four different types of vibrator 
were used. A hand massage vibrator with a stiff wire extension was used 
to vibrate the concrete through the draped strands at the beam ends where 
the reinforcement was very close together. An electric rotary vibrator 
bolted to the bottom of the prestress[ng bed gave good vIbration for the bottom 
flanges. A rotary air driven vrbrator clamped to the top flange of the forms 
helped vibrate difficult spots. Also, the original vibrator pressed against 
the sides helped drive air pockets from against the forms. With so 
much vibration avai table for the last three beams, care was necessary to 
void· causing excessive bleeding at the top of the beam. The technique 
used was to place enough concrete along the entire length to fill the beam 
form to just above the bottom flange, and vibrate it into place. The web 
and part of the top flange were then placed and vibrated. Finally, the 
top portion of the top flange was placed and vibrated into position. 
-15-
Test specimens were cast with concrete from the same batch, as described 
in Chapter 4. 
The top of the beam was struck off within one to three hours, and 
care was taken to clean concrete out of the projecting upper legs of the 
stirrups which were to act as shear connectors with the cast-in-place deck. 
The beam was covered with wet burlap and plastic the same day. On 
the next day, the side forms were removed and the beam again covered. The 
beam was allowed to cure until test specimens showed an average compressive 
strength of at least 4,000 lb/in. 2 for three cylinders. The curing period 
normally lasted from four to six days. Curing times for the individual 
beams are 1 isted in Tab le 2.1. 
In spite of the precautions fol lowed in casting of the concrete, 
a triangular void about 3 in. in height at the end of the beam and tapering 
to zero at 20 in. from the end of beam MB4 was found when the forms were 
removed. This area, entirely in the beam web just below the draped strands, 
was fi l1ed with a troweled-in high strength concrete mix and cured several 
additional days before release of prestress. 
The deformations of the beam were evaluated before it was decided 
to use the beam rathe r than reject i ng it. I t was found that the re 1 at i onsh i p 
between mIdspan camber and curvature was about the same as for beams MB3 and 
MB5, so the beam was used in the end span with the patched area over the 
oute r support. 
After the required strength was reached, the covering was removed and 
the beam was prepared for the application of gage points. Th~ beam was 
fi rst allowed to become surface dryas the posi tlons for gage points were 
being marked. The gage point locations were blown off with compressed ai r, 
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then scru~bed with cotton balls and acetone to remove cement dust and any 
other contaminants. Eastman-910 Universal Catalyst was then applied to the 
concrete at the position of each gage point and allowed to dry. The gage 
points were then secured to the beam using Eastman-9l0 adhesive. The gage 
points were 1/2 in. square by 3/16 in. thick pieces of stainless steel having 
a 1/8 in. deep tapered hole dri lled with a #1 center dri 11 in the middle 
of the square face. The proper gage' length was attained by using a 10 cm 
standard spacer bar with points that fit into the holes in the gage points. 
The location and designation of gage lines for each beam at midspan, 
quarter-span, and at the ends are shown in Figs. 3.4 to 3.8. Gage points 
at midspan and quarter-span were 10 cm apart. Gage points near the ends 
were 5 cm apart so that adjacent gage lines overlapped to allow better 
determination of the end-zone strain distributions. 
After all the mechanical gage points had been cemented onto the beam, 
a complete set of zero readings was taken~ The st.rand force dynamometers 
were also read. 
The final act before cutting the prestressing strands was to mount 
dial gages over the beam ends and midspan to measure the initIal camber at 
release. 
3.3 Release of Prestress 
The prestressing cables were cut by use of an acetylene torch, as 
shown in Fig. 3.9. An effort was made to cut each strand by gently heating it 
over a length of several inches before causing fracture. The gentle release 
procedure was successful most of the time, but a few fairly violent strand 
fractures did occur without causing any cracks or abnormal beam behavior. 
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There was some minor variation in the sequence of operations during 
release for the early beams, but the procedure was fairly well standardized 
for the last three. The typical procedure is described below for one beam: 
1) The draped strands were cut. The four strand ends were cut alternately 
on the opposing ends of the beam to minimize eccentric loading. 
2) External prestressing was applied to the beam by a pair of threaded 
rods with end bars which were fitted over the top of the beam, as can be 
seen in Fig. 3.9. These were tightened until a predetermined strain 
value, as measured with a 10 In. Whittemore strain gage, was reached 
in each rod. The purpose of the external prestressing was to prevent 
cracking of the top flange after the bottom prestressing cables were 
cut and before the dead load weights could be hung. 
3) The draping point hold-downs were cut. 
4) The bottom strands were cut In the same manner as the top strands. 
Single strands were cut alternately at the two ends of the beam. 
As soon as all strands had been cut, a complete set of strain, camber, 
and strand load-cell readings were taken before moving the beam. 
The beam was then carried to the Models Laboratory in the basement 
of the Civil Engineering Building where they were set on pier supports 
with spans of about 9 ft. The Models Laboratory is an environmentally con-
trolled room with a constant temperature of 70°F and a constant relative 
humidity of 50 percent. 
After the beams were In position on the piers, six weights of appro x-
imately 90 lb each were hung at 18 inch intervals along the bottom flange 
of the beam to simulate additional uniform dead load. 
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The external prestressing was then removed, leaving the beam with 
the same stress distribution as that in the full size beams used in the 
Douglas County test bridge. 
A dial gage was then positioned under midspan of the beam to a1 low 
measurement of camber changes. Strain and camber readings were taken 
immediately and then at increasing intervals until the present. 
The 90 lb weights which were added to the beam in order to simulate 
the dead load stresses of the beam were necessary since the dead load 
moments in the model are reduced by different factors than are the cross-
sectional properties such as the section modulus. 
In a model in which a] 1 dimensions are reduced by the same scale 
factor, ~(~ = 1/8 in this investigation). the cross-sectional area and 
consequently the dead load per unit length are reduced by ~2, assuming the 
material densities are the same in the prototype and model. The span also 
is reduced by ~, and since the dead load moment is related to the span 
squared, the dead load moment in the model is reduced by ~4 from that of 
the prototype. 
However, the section modulus, relating moment to stress, is reduced 
only by a factor of ~3 in the model. Hence the dead load stress in the 
model beam is ~ times that in the prototype, and the dead load moment in 
the model must be increased by a factor of 1/~ if the stresses are to be 
the same as in the prototype. The series of 90 Ib weights provided the 
additional dead load moment. A second set of weights, weighing about 118 
Ibs each, were added later to compensate for the weight of the deck t as 
explained in the next section. 
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It can be shown that the stresses due to prestressing are the 
same in the model as in the prototype. It can also be shown that, in order 
to produce the same stresses, a prototype concentrated load must be reduced 
2 by A before application to the model, a uniformly distributed line load 
2 (lb/ft) by A, and a uniformly distributed area load (lb/ft ) remains the 
same in model and prototype. 
Reduction of all dimensions by the scale factor results in reducing 
cross-sectional areas of both concrete and reinforcement by A2, so that 
the reInforcement ratio, p, and the ratIo of areas of steel to concrete 
are the same in model and prototype. 
3.4 CastIng of the Deck 
After three beams had been cast, they were moved off of their temporary 
sImple supports and aligned In preparat[on for casting the contInuous 
composite deck and diaphragms. 
After positIoning the beams, wooden deck and diaphragm forms were 
attached as shown In Fig. 3.10. Bolts bearing on the form segments on 
opposite sides of the beams clamped the forms to the beams. The dfaphragm 
forms were supported by their form-fltting contour with the beam, by connectIon 
to the deck forms, and by external clamps. 
The deck reinforcement was then placed in the forms over the beams 
and tied into posItion with copper wire. Top and bottom deck steel had 
been prefabricated and is shown In Fig. 3.11. The bottom slab reinforcement 
rested on metal spacers, and was tied down wIth wire. The top steel was 
. held in proper posItIon by wiring to metal templates screwed to the top 
of the forms at several positIons along the length of the structure. 
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Auxi liary negative moment reinforcement was tied in place as separate longi-
tudinal bars over the supports. Since the structure would never experience 
any load i ngs located away f rom the axis, much of the t Fans ve rse rei n-
forcement present in the full size test structure was omitted. 
Just prior to placing the deck concrete, a complete set of strain 
and camber readings were taken, and six-118 Ib concrete weights to compensate 
for the modeled deck dead load were hung beneath each beam dead-load weight, 
as shown in Fig. 3.12. 
The deck concrete was placed first in the diaphragms and vibrated 
with an il'm1ersion concrete vibrator held against the outside of the forms. 
The concrete was then placed along the length of the deck slab and vibrated 
in a sImilar manner. 
The metal templates used to position the top steel were removed after 
the vibration was completed, and the top surface was struck off with wooden 
floats. After about two hours, steel trowels were used for final finishing. 
The slab and forms were covered with wet burlap and plastic the same 
day and al lowed to cure for one week. Camber readings and strain readings 
on all accessible gage lines were taken immediately after casting and daily 
during the curing period. 
After seven days, the covering and forms were removed. Strain gage 
points were instal led on the bottom surface of the deck as close as possible 
to the top gage lines on the beams. Also, three strain gage lines were in-
sta1 led on the top deck surface over each of the interior supports. These 
gage lines were symmetrical about the center line of the support and centered 
above the longitudinal centerline of the beams. 
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Since that time, readings of beam and deck strains cambers, and reactions 
have been taken at approprIate intervals. Initially readings were taken 
daJ ly, and the intervals have increased progressively. Each set of readings 
also includes strain readings on the shrinkage and creep specimens descrIbed 
in Chapter 4. 
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4. CONTROL SPECIMENS AND INSTRUMENTATION 
4. 1 Concre te Tes t Spec I mens 
Test specimens were made of concrete used in each model beam and from 
the concrete used in the deck. These specimens were used for strength and 
Young1s Modulus determinations, for shrinkage measurements, and for creep 
tes ts. 
About fifteen 4 by 8 in. cylinders were made for each of the beams 
for which only strength data was desired. The cylinders were cast in stan-
dard steel molds. The beams for which shrinkage and creep data was requi red 
(I.e., MB5 and MB8) had approximately 26 test cylinders. About 23 cylinders 
were also cast with each deck. For MB5, MB8, and Decks 1 and 2~ 15 test 
cylinders were used for strength tests and the remaining cylinders were 
used for shrinkage and creep tests. 
The steel molds were removed from the cylinders the day after the 
specimens were cast. The specimens were then covered with wet burlap and 
plastic until the release of prestressing for beam specimens or the removal 
of the deck forms for the deck specimens. Compression tests with load-
strain measurements were made on specimens from each beam at the appropriate 
intervals. The average compressive strengths and Young's moduli are givenin 
Table 2.4 for tests made at time of release or removal of forms, 14 days, 
and 28 days. 
For each cylinder in which long-term strains were to be measured, 
three 10 em gage lines were established for the Munfeh gage, with the lines 
spaced around the cylinders at 120 degree intervals. The six gage points 
in each cylinder were installed as described in Sec. 4.2. For MBS and MB8, 
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eight cylinders were instrumented for shrinkage measurements. Three others 
were used for creep specimens which were loaded at the release of prestressing 
force in the beam. Three of the shrinkage cylinders were subsequently used 
In additional creep tests starting at the time the deck was cast. For 
Deck 1 and Deck 2, five cylinders were Instrumented for shrinkage measurements 
and three cylinders for the creep tests beginning at the time of removal 
of the deck forms. 
The creep specimens were loaded in a creep rack to a stress of 1,000 
lb/in. 2 and the load was maintained by means of a heavy coil spring. Each 
creep rack held three cylinders, and was arranged as shown in Fig. 4.1. 
The load was applied by means of a 30-ton hydraulic jack, and then was held 
by tightening the nuts just above the plate over the spring by 1/4 turn past 
the finger-tight position. The load was readjusted at every reading inter-
va 1. 
Since the test cylinders hayea different size and volume to surface 
ratio than either the beams or the deck, direct correlation of shrinkage 
strains is not possible. Therefore three 8 In. long shrinkage specimens, 
with the same cross section as the mode 1 beams,. were cast with MB8. Three 
12 tn. long prismatic specimens, with the same cross section as the decks, 
were cast with Deck 2. These shrinkage specimens were cast In plywood forms, 
and gage lines were installed as shown in Fig. 4.2. 
4.2 Mechani cal Strai n Ga.ges 
A 11 of the mechanica 1 st ra in gage 1 t neson the mode 1 beams ,decks, 
shrinkage and creep specimens were read using the 10 em gage length Munich 
gage. ThIs is a direct reading mechanical gage with no multiplication of 
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movement with a minimum reading of C.CCi mm .. It is equipped with spherical 
tips (diame'ter 2 mm) which fit into conical holes drilled into the gage 
points. 
The locations and designations of the strain gage lines at midspan, 
quarter points, and ends of the various beams are shown in Figs. 3.4 to 3.8. 
Identical patterns were used on both sides of the beams with the designations 
indicating east or west. The installation of the beam and deck gage lines 
is discussed in Section 3.2. 
Several steps were involved in the installation of gage points in the 
hardened concrete of the shrinkage and creep cylinders. The sequence was as 
follows for each gage point: 
1) A 1/4 in. diameter by 1/2 in. deep hole was drilled into the 
hardened concrete with an electric hammer dri 11. 
2) The hole was cleaned by blowing out with a tire pump. 
3) The hole was partially fi l1ed with an epoxy which has a setting 
time of about 20 minutes at room temperature. 
4) A 1/4 tn. diameter by 1/2 in. long stainless steel hex-head cap 
screw was inserted into the epoxy fi1 led hole. The epoxy was 
allowed to set. 
S) The head of the cap screw was lightly marked with a punch specially 
made to mark the 10 cm gage length. 
6) A conical hole was dri 11ed through the mark with a #1 center drill 
in a high speed electric drill, using cutting oil as a lubricant. 
7) The cuttings and the cutting oil were cleaned away from the bolt 
head using a pressure can of television-tuner cleaner equipped 
with a flexible plastic tube nozzle to direct the spray into the 
dri l1ed hole. 
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A cross-section of the completed gage point is shown Tn Fig. 4.3. 
The conical hole had a 60 degree included angle and a 1/8 in. maximum diameter. 
The heads of the cap screws protruded by their thickness from the surface 
of the concrete. 
The epoxy used was "Concresive" No. 1201, manufactured by the Adhesive 
Engineering Company (this material is no longer available). 
Temperature compensation has been provided by comparison of the strain 
readings with readings on a steel standard bar. The relatively heavy 
steel bar, about 2 In. square, is used so that it would respond to temperature 
changes re1atively slowly and In addition would be so stiff that perfectly 
uniform bearing conditions would not have to be provided under the bar before 
repeatable readings could be obtained. 
Since all of the readings have been taken In the laboratory, normal 
fluctuation of standard bar strain readings is only one or two dial divisions 
on the Munich gage. 
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5. RESULTS OF APPLIED LOAD TESTS 
5.1 General 
Two of the model b~ams with decks, MBl and MB2, were individually 
tested to fai 1 ure as s j'mply supported spans. The beams were supported on 
an 8 ft 11 5/8 in. span with a roller support at one end ahd a half-round 
at the other. The conduct and results of these tests are described in 
Section~ 5~2 through 5.4. Influence lines for reaction and midspan deflection 
were determined experimentally for the second of the three-span structures, 
and the results are descrfbed in Section 5.5. 
5.2 Test Set Up 
The beams rested on 4 ft high piers which allowed clearance for the 
hanging dead weights plus about 6 in. for deflection under load. 
A loading frame was assemble~ over midspan and anchored through the 
test floor. A 30-ton hydraulic Jack was used to apply the load, and a 
cylindrical load-cell was used to measure the loads. The load cell had 
four bonded electrical strain gages connected as a four arm bridge, and had 
a sensitivity of about 136 lb per dial division, as measured on a portable 
strain indicator. 
The hydraulic Jack was secured to the loading frame reaction crossbar. 
The load cell was beneath the Jack, and rested on a 2 in. thick steel plate 
which had a 1 in. diam spherical seat in the center of its bottom side. A 
ball bearing was placed between the spherical seat in the steel plate and a 
similar spherical seat on the loading truck to Insure that only vertica1 
load would be applied to the beam. 
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A 1/8 scale model of an HS-20 truck, as shown In Fig. 5.1, was used 
to distribute the load on the beam. The truck was made from two 4 x 4 M 
rolled steel sections. The front "tractor" section rested on two 1 in. 
diam rollers. The rear "trallerll section rested on a 1 in. diam fixed roller 
at the rear, and on a knife edge on the "tractor" section. The rollers were 
equally spaced, 21 in. apart, and rested on 11/2 x 3 x 1/2 in. steel plates 
bonded to the beam with Hydrocal plaster. 
The load was applied to the truck through the spherical seat located 
7 in. behind the center wheel, and the truck was positioned on the brIdge 
so that the center of loading was at midspan. The relative Ilaxl e" loads 
were 1 :4:4 from front to rear. 
5 . 3 Tes t of MB 1 
MBl was tested before any of the other beams were fabrIcated. The 
piano wire initially chosen for the prestressed reinforcement was smooth, and 
it was considered very likely that the beam would fail in bond before 
reaching full flexural capacity, after several attempts to roughen the surface 
to improve the bond strength fa t 1 ed. 
The load was applied in Increments of 500 Ib to 2 kips, and in smaller 
increments thereafter. Cracks were first discovered near midspan when the 
load reached 2.3 kips. Deflection was 0.17 in., as measured by a dial gage 
located under midspan. The load-midspan deflection curve is shown in Fig. 
5.2. 
The next loading increment, to 2.7 kips and 0.32 in. deflection, resulted 
in major slip of the prestress strands. A dial gage on one top strand 
registered a slip of about 0.001 in., and the slip increased to about 0.01 tn. 
at the next load i ncremen t. 
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Complete failure in bond occurred under an applied load of 3.45 kip, 
and the resulting large cracks can be seen in Fig. 2.8. 
Since the prestressing strand used in MBl was able to provide bond 
strength to allow the beam to develop only about 2/3 of the calculated 
flexural capacity, the Oceanographic cable was chosen for use in the subsequent 
beams . 
5.4 Tests on MB2 
The loading apparatus for MB2 was similar to that used for MBI, -and 
the model HS-20 truck was placed in the same relative position. 
5.4.1 Test 1, MB2 
Load was applied in 500 lb increments to 4 kips. Flexure cracks were 
first found near midspan under a load of 2.5 kips when the midspan deflection 
was 0.27 in. The load-deflection curve (Fig. 5.3) indicates that cracking 
probably started when the load was about 2 kips, close to the calculated 
cracking load of 1.7 kips. 
The subsequent loading increments each showed a slightly larger 
change in deflection for each increase in load. At 4.05 kips load, the 
deflection was 1.06 in. Flexural cracks In the middle half of the span 
reached as far as the top of the web, and there were some inclined shear 
cracks between 20 and 36 In. from midspan. 
The beam was also twisting toward the side as a result of small 
accidental effectricity of the loading. The unforeseen eccentricity in the 
loading equipment caused the truck and load cell to be forced laterally out 
of the loading chain at load of 4.35 kip and vertical deflection 1.35 in. 
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All the cracks In the beam closed up after the load was released, 
and the beam appeared undamaged by the mishap except for a diagonal crack 
in the bottom flange near each support. The cracks in the flange were caused 
by torsion stresses resulting from rotation at midspan under the eccentric 
load. 
The load-deflection response of beams MBl and MB2 were nearly identical 
up to a load of 3.0 kips. At higher loads, the stiffness of MBl deteriorated 
rapidly because of the bond fal lure. 
5.4.2 PreparatIon for Retest of MB2 
It was decided that MB2 could be retested to failure if the ends could 
be repai red. End blocks were therefore cast at each end of the beam to con-
fine the torsion crack and to supply lateral support at the reactions. Each 
end block was full height of the beam, full width of the deck, and about 
eight inches long, extending past the end of the beam about 1 1/2 In. and 
beneath the beam about i in. A nominal amount of reinforcement was provided 
ina 11 t h re e dire c t r on s . 
It was necessary to remove the last dead weight on each end of the 
beam to allow room for the end blocks. Because of the small clearance be-
tween the floor and the bottom of the deck dead weights, all the deck dead 
weights were also removed. The purpose of the dead weights had been to 
provide a stress distribution in the model beams equivalent to that in 
the full sized field structure during the time creep data was being taken. 
After the beam had been loaded beyond the cracking load, creep behavior 
was not measured, and the weights were no longer essential. Removal of the 
weights, totaling 520 lb, changed the moment at midspan by an amount equal 
to that caused by a midspan concentrated load of 366 lb~ This reduction 
was taken into account in determinTng the loads when the beam was retested. 
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5.4.3 Test 2, MB2 
The second test of MB2 was made four weeks after the first test. The 
fi rst four loading increments were of 1.0 kip each, starting from an equiva.1ent 
-0.37 kip with no load from the jack. The load-deflection curve is shown in 
Fi g. 5.4. 
The load-deflection curve for the second test of MB2 was plotted starting 
from a negative load value of 0.37 kips so that the same positive loads 
correspond to the same maximum moments in both tests. 
The beam had ~ residual deflectlon of about 0.1 in. at the end of the 
first test, and recovered about 0.03 in. when the weights were removed. 
The deflections plotted in Fig. 5.4 are measured from the position at the 
beginning of the test. 
The third loading increment caused several of the previously existing 
cracks to reopen visibly. The fourth loading increment, to 3.66 kips, caused 
visible deflections, and a flexural crack 4 1/2 in. from midspan was measured 
to be 0.005 in. wide. An inclined shear crack near the rear wheel of the 
truck was measured to be 0.004 in. 
After the fifth loading increment, to 4.28 kip, a stringline was 
strung over the beam to allow direct measurement of downward deflections. 
The midspan deflection was 1.17 tn. below the position at the beginning 
of the test. The previously measured shear crack had increased to 0.006 in. 
The sixth loading increment, to 4.78 kip, imposed an additional 0.25 
In. deflection. A few new shear cracks were discovered, and some of the old 
cracks were extended. The previously measured shear crack was 0.008 in. 
wide, and the T'1exure crack 4 1/2 in. from midspan, near the center truck 
wheel, was 0.007 in. 
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After the seventh loading increment, to 5.03 kips, which increased 
the midspan deflection to 1.68 in., 22 cracks were counted in the bottom 
flange of the beam within the 21 in. distance between the center and rear 
wheels of the truck. Ten of the cracks. penetrated to or beyond mid height 
of the web, and all of these reached the top of the web. Crack patterns 
were very simi lar on both sides of the beam, and there was no evidence of 
eccentric loading or torsion. 
The ninth load increment increased the deflection to 2.3 in. at a 
load of 5.37 kips. The shear crack was 0.012 in. wIde, and several cracks 
near the center wheel reached the bottom of the slab, but no cracks could 
be found within the slab. 
The tenth load increment increased the deflection to about 2.7 in. 
under a load of 5.46 kips. This deflection is equivalent to almost 2 ft 
in a full-scale structure. The previously measured shear crack had opened 
to 0.013 In. and the flexure crack to 0.016 in. The reaction roller had 
moved outward by about 13/16 in. since the beginning of the test. A crack 
under the rear edge of the bearing plate beneath the center truck wheel 
extended across the bottom of the deck, but could not be traced along the 
edge of the deck. 
During application of the eleventh loading increment there was a very 
sharp noise, apparently originating from somewhere in the vicinity of the truck. 
The maximum load reached was 5.65 kips. The cause of the noise was not 
immediately evident, and the only visible damage was some additional con-
crete cracking under the center wheel of the truck. There was no sign of 
concrete crushing, and the most likely explanation for the noise seemed to 
be that a strand broke. The load dropped off by about 1.1 kips and the 
deflection was 3.15 in. 
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The twelfth loading increment caused complete failure of the beam by 
rupture of all the prestressing strands "at the position of the flexure 
crack 4 1/2" from midspan, near the center wheel of the truck. Blocks under 
the beam prevented it from f~11ing to the floor, and allowed a 8 1/2 in. 
deflection at midspan. There was only a small amount of crushing in the 
top surface of the deck. 
There was no indication of any strand slippage, and the flexure-
shear cracks which appeared between 12 and 36 inches from midspan were well 
controlled by the vertical stirrups. The failure was entirely attributable 
to the maximum bending stress located between midspan and the center truck 
wheel. 
The computed ultimate load was 5.23 kips, which is in reasonable 
agreement with the measured maximum load of 5.65 kips. The ultimate moment 
analysis took into account the measured stress-strain curve for the reinforcement, 
and the fracture of the strands was predicted. 
5.5 Influence Lines for Three-span Beam 
When the deck on the second three-span beam was about nine months old, 
the structure was loaded in order to determine, experimentally, influence 
lines for reactTons and mIdspan deflections. A 183 1b weight was set successively 
at each tenth point of each span and over each support, and the deflections 
at the center of each span were determined for each load position. The 
loading was then repeated, and three of the four reactions were determined 
for each load position. The 183 lb weight was equivalent to a concentrated 
load of 11,700 lbs acting on a full-scale beam. 
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The influence lines for reaction are plotted in Fig, 5.5, along with 
theoretical values for continuous beams with three equal spans and constant 
moments of inertia. It is obvious that there is excellent agreement between 
the theoretical and measured values. At least part of the deviations may 
be due to the fact that the sensitivity of the reaction load cells Is about 
7 Ibs per dial division, or about four percent of the applied load. The 
overall agreement is so good that the efficiency of the continuity connections 
in the negative moment regions must be rated as close to 100 percent, in the 
load range considered. 
At the time the measurements were made, there were one or two extremely 
small cracks in the concrete in the diaphragms over the interior supports, but 
these did not extend or widen under the influence of the applied load. 
The measured and theoretical influence lines for deflections are plotted 
in Fig. 5.6. The theoretical values were computed assuming a value of Young's 
6 
modulus of 4 x 10 psi, which is a reasonable value, considering the age of 
the concrete at the time of the tests and the measured values at 28 days, as 
listed in Table 2.3. The theoretical influence line for a simply supported 
beam is also plotted, for purposes of comparison. 
Again, the agreement between the measured and theoretical values is in 
general quite good. Most of the lack of agreement, which never exceeds 
0.0008 in., is probably due to errors in the readings of the mechanical dial 
gages used for the readings. Some minor differences could be caused by 
variations in the actual values of Young's modulus from span to span. The 
readings indicate that the continuity connections were 100 percent effective, 
which substantiates the assumption of full continuity made In the design of 
the structure. 
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6. TIME-DEPENDENT BEHAVIOR OF MODEL BEAMS 
6. 1 In t roducto ry Rema rks 
The observed time-dependent changes in camber and prestressing force 
are presented in this chapter, with the information on the changes in camber 
being given in Section 6.2, and some information on strafns and prestressing 
force being given In Section 6.3. A brief discussion of the observed results 
is given in' Section 6.4. An in-depth discussion of the measured values and 
their relationships with theoretical values is contained in Ref. 3. 
6.2 Camber Changes 
Camber-time curves for the period immediately following removal of 
deck formwork or casting of the deck concrete are given in Figs. 6.1 and 
6.2 for beams MBl and MB2, respectively. 
In each case there is a very strong downward deflection accompanying 
drying of the deck concrete. This is due to differential shrinkage between 
the beam and deck concretes because of the differences in their ages. The 
young deck concrete has a much greater shrinkage potential remaining than 
the 01 de r be,am cone re te, an d a res u 1 t of the sho rten i ng of the deck is 
downward deflection or loss of camber. The causes of the disturbances to 
the deflection-time relationship for beam MBl are not known with certaInty, 
but a highly variable environment is probably partially to blame, as water 
leaked into the laboratory and stood on the floor in the vicinity of the 
spec1men at least once during this perIod. 
The measured camber values for beam MB2 brought in an additional 
unexpected facet. The downward deflect.ion accompanying hanging of the dead 
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weights simulating the deck weight plus casting of the deck concrete caused 
a downward deflection of 0.054 in., as expected. However, about 1/3 of this 
deflection was recovered within about 20 hours. The most obvious explanation 
of this recovery of deflection would appear to be swelling (or recovery of 
shrinkage) of the concrete in the top fibers of the precast beam when the 
deck concrete was placed on the dry beam. Another possibility is that the 
plywood formwork for the deck swelled when the concrete was placed. This 
seems less likely, however, as the formwork was not noticeably distorted or 
warped when it was removed. This recovery of deflection had not been measured 
in beam MBI as the deflection gage was not in place during the critical 
period, but it was observed to some extent in all of the six later beams. 
The time-loss of camber curve for beam MB2 followed the same pattern 
as MBl during the period following removal of the deck formwork, but was 
considerably smoother, and also shows greater movements. Part of the difference 
must be attributed to differences in the concretes used in the two beams, as 
that In MBl was somewhat stronger than that in MB2, and had a s1 ightly higher 
value of Young's modulus. The MB2 concrete probably had a greater unrestrained 
shrinkage than the MBl concrete, as the cement content was appreciably higher 
in MB2. 
The camber-time relationships for the beams used in the two three-span 
structures are given in Figs. 6.3 to 6.6. The movements starting immediately 
after release of prestressing and hanging of the first set of dead weights 
up to the time of the removal of the deck formwork are shown in Figs. 6.3 
and 6.5 for the beams in Specimens 1 and 2, respectively. The movements 
accompanying release were never measured satisfactori ly because the beams 
always moved rather violently and unpredictably when the last prestressing 
strand was cut, and every attempt to measure the instantaneous camber 
went astray in one manner or another. 
The movements occurring after removal of the deck forms are plotted 
in Figs. 6.4 and 6.6 for each span of Specimens 1 and 2, respecitvely. The 
separation of the movements into two phases has been done since somewhat 
different phenomena are involved in the periods before and after the casting 
of the deck concrete. Before the decks were cast, the beams deflected upward 
because of the creep strains and curvatures associated with much higher com-
pression stresses at the bottoms of the sections than at the tops of the 
sections. After the removal of the deck formwork, the strongest influence 
on the deformation is the differential shrinkage between the older beam 
concrete and the younge r deck concrete. 
In all cases there were significant increases in camber during the 
period imrned6:ately following release of the prestressIng force. The changes 
occurring in the various beams were quite different, and the reasons for 
this are not entirely clear. There were differences in concrete strength 
and stiffness at release, but these variations were small compared to the 
variations in camber. The most plausible explanation is that the beams 
were not in.ttlal1y set on rollers but rather were set on steel plates. The 
shortening of the beams due to creep and shrinkage was consequently restraIned 
by friction forces set up between the beams and supports, and there is no 
reason to expect that these frIction forces would be the same In the various 
beams • 
Once the beams we"re transferred to the roller react tons shortly 
before the deck formwork was attached to the beams, the movements became 
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more consistent. The deflections due to the dead load of the deck plus 
the compensating weights were about the same for all beams. In all cases 
there was a recovery of part of this deflection in the fi rst day after 
casting of the deck concrete, as was mentioned earlier. 
There were significant movements immediately after removal of the 
deck formwork, when the deck concrete began to dry. The end-span beams 
deflected downward and did not approach stability unti 1 more than 100 days 
after drying started. 
The interior span beams initially moved upward after removal of the 
deck formwork. The interIor span of Specimen 1, Fig. 6.4, reached near 
equilibrium after about 10 days, and the camber has changed by only minor 
amounts since that time. The interior span of Specimen 2, Fig. 6.6, initially 
moved upward, reaching a maximum value after about 10 days and then started 
moving downward at a low rate. 
The reasons for the differences between the camber values for the 
two interior span beams are not known. It may be speculated that the 
restraint moments acting at the interIor supports were reduced because of 
cracking, but no cracks extending across the width of the deck were ever 
found, and the cracks which were found were extremely small. 
\"fhile the deformations occurring after removal of the deck forms are 
the result of a complex interaction of creep and shrinkage effects in both 
beam and deck concretes, the most important factor during the first few 
weeks is the shrinkage of the deck concrete. 
In the case of a simply supported beam, deck shrinkage causes downward 
deflections. In a multispan structure, rotations of the beams over the sup-
ports are restrained, and the moments required to maintain continuity alter 
the deformations. 
On an elastic basis, th.e continuity effects can be analyzed in the same 
way one mi gh t i nves t i gate the effects of a temperat ure d r ffe ren t i a love r . 
the depth of the membe rs . 5 uch an ana 1 ys is r nd r cates th a t i f the dO'fllnwa rd 
movement of a simply supported beam is 1.0, the midspan deflection of an end 
span of a three span structure os 0.4 downward, while the midspan sectIon 
of the interior span moves upward by 0.2. 
The elastic relationships are reasonably well satisfied initial ly~ 
as can be seen by comparing the measured camber values for MB2 and the two 
three span specimens. 
In the case of a concrete structure, the relationships are modified 
by creep of the beam and slab concretes under the stresses due to dead loads, 
prestressing force, shrinkage induced forces, and dIfferential creep effects. 
As was mentioned earl ier, these inter-relationships have been extensIvely 
discussed in Ref. 3. 
A large volume of strain data were accumulated during the course of 
the investIgatIon, but only a part of it will be presented directly. 
A representative set of strain-time curves measured at midspan of beam MB8 are 
shewn In Fig. 6.7, for the 400 day period following release of the prestressing 
force. There are major increases in strafn during the first 25 days, and 
then much slower changes untfl the deck forms were placed and the deck 
concrete cast. The stresses caused by the weight of the deck concrete and 
the second set of dead loads caused major changes in the strains, especially 
at the top gage line of the beam. 
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After the deck forms were removed, there were fairly rapid changes in 
strain for a period of two to three weeks, and after that time there were 
only minor changes in strain. It is important to notethat all three strain 
traces move on approximately parallel. paths, which means that there are only 
minor changes in curvature after about 90 days age~ This consistent with 
the measured camber, Fig. 6.6, which shows that the camber changes were 
relatively small. 
The trend of increasing strain with time reversed slightly after 300 
days age, as the final readIngs show small decreases at all gage lines. The 
only logical explanation for this would appear to be that there was a minor 
increase in the relative humidity in the laboratory during the summe'r of 1971. 
The same reversals in strain were observed in the shrinkage specimens, as is 
shown in the following chapter. 
The trends of the measured strains were di fferent than those measured 
in the prototype structure in the field in two respects. First, the strains 
in the model were much larger, and second, they increased contrnuously rather 
than being subjected to annual cyclical variations. As a common feature, 
however, after the decks were in place [n both structures the changes In 
strains tended to be uniformly distributed over the depths of the sections 
at midspan. 
One of the reasons for the placement of the strain gage lines near 
the ends of the beams was to provide information on the transfer length for 
the 19-wi re prestressing strands used in the beams. Representative data 
are shown in Fig. 6.8, where strains measured at the bottom strain gage lines 
at release are plotted versus distance from the ends of three beams. The 
strains measured in a series of overlapping 10 cm length gage lines are plotted 
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at the centers of the gage 1 ines. It can be seen that either the maximum 
strain or a constant strain is reached at 16 cm from the ends of the beams. 
This indicates that the bond transfer length is about 16 cm, or approximately 
6 in. This transfer lengt~ is equal to the depth of the beam section, while 
the measurements on the prototype structure indicated that the transfer 
length, with 7/16 in. strand was less than half the beam depth. On the 
other hand. ·work by Stocker, et al, (4) indicated that the transfer lengths 
measured in the prototype were probably near the lQ\f1er limit to be expee:ted, 
and' that under an unfavorable corrbination of circumstances the transfer 
length could equal or exceed the beam depth of 48 in. 
In any event, the longer transfer distances would not have an appreciab1e 
influence on the camber changes since the only sections of a beam affected 
are near the ends of the beams, and small changes in curvature in these 
sections have little influence on midspan camber. 
The strain data were also interpreted to provide information on the 
loss of prestressing force with time. The midspan concrete strains at the 
level of the prestressing steel were obtained, and the changes in prestressing 
force we re ca 1 cu.l ated as the concrete s t ra i n times Young IS modu 1 us for the 
steel times the steel area. This assumes adequate bond between the strand 
and concrete. Young1s modulus of strand embedded in concrete was taken as 
27 x 106 Ib/ln. 2 rather than using the value of 22 x 106 Ib/in. 2 measured 
in ai r. This appears reasonable since the concrete restrains the untwisti·ng 
and other wire movements responsible for the low modulus in air. 
Relaxation of the steel stress was not included in the analysis. No 
information on the relaxation charactertstLcs of the steel used is available. 
If it Is assumed that the relaxatfon characteristics are similar to those of 
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stress reI ieved strand (this may be quite reasonab1e, since the temperatures 
of the galvanizing bath are in the same range as the stress relieving tempera-
tures), one would have to conclude that the relaxation losses after release 
of prestress could not have been important since the prestressing force 
drops below 0.55 of the yield stress at an offset strain of 0.001 within a 
day after release of prestress. 
The pres tress t n9 fo rce-t t me cu rves for the six beams used in the 
three-span specimens are shown in Figs. 6.9 and 6.10. As would be expected 
after seeing the strain and camber-time variations, there were large reductions 
in prestressing force during the first 50 days, and especially during the 
first month, after release. 
The increase in dead load moment accompanying casting of the deck 
concrete produced increases in prestressing force, but in general these 
increases were short-lived, and in most cases the curves are disturbed for 
a period of only two or three weeks. However, in the case of beams MB3, 
Fig. 6.9, and MB7, Fig. 6.10, it appears that the prestressing forces nearly 
stopped changing once the deck concrete had dried for a few days. 
There are no obvious differences between the losses In end and interIor 
spans, although it would be expected that the losses in interior spans 
should be slightly larger than in end spans since the midspan stresses due to 
the negative restraint moments are twice as high in the interior span as in 
the end spans. Such a trend may be visible when comparing the losses of 
MB7 and MBS, though in general differences in the creep and shrinkage 
characteristics of the concretes in the various beams mask any differences 
which might be attributed to the effects of restraint moments. 
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The pr~stressing losses ranged from 28 to 38 percent, which are quite 
high when compared to prototype desfgn values. However, this was to be 
expected because thin sections in the test specimens led to high values 
of creep and shrinkage, when compared to values for prototype-sized speci.mens. 
6.4 Discussion of Test Results 
The results of the strain and camber measurements on the simple and 
three span structures show that a coosistentset of data on the long-term 
,: can be obtai.ned using relatively small prestressed concrete models. 
A number of general conclusions may be drawn. 
A comparison between the changes in camber of sImply supported and 
three span continuous composite girders shows that the general trends of 
camber can be predicted on the basIs of an elastic analysis of the effects 
of the di fferentlal shrinkage. Wht Ie the magnitudes of the changes In 
camber can be predicted only through a relatIvely co.rnplex analysis, the simple 
elastic analysis properly predIcted the dtrect£ons and approxImate relative 
magnitudes of the movements. 
The losses of prestress were quite high when compared to expected 
losses in prototype structures, but the increased loss values may be attributed 
directly to the hIgh creep and shrinkage stralnsoccurrlng t"n the thin beam 
sections. 
From the studIes reported in Ref. 3, It appears that it generally 
wIll not be possible to apply the results of the deformation measurements directly 
to the precise prediction of long-term deformations of a prototype structure, 
even if the model and prototype were su~Jected to the same environment. 
However, the measurements on the model provide information on the general 
trends of deformations and relative magnitudes of camber changes in different 
spans of the structure. 
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The long-term deformations of the very small models cannot be related 
directly to the prototype deformations because of the differences in creep 
and shrinkage characteristics of the concretes which are related to both 
size, or volume:surface ratio, effects and to differences in the general 
characteristics of the model and prototype concretes. These problems could 
be overcome in some cases, but in this particular study it has been found, 
as reported in Chapter 7, that the volume~surface ratio effects relating 
creep and shrinkage to size of member are not valid for the very thin members 
used. It is not known what minimum size or thickness of specimen would have 
to be used In order for the creep and shrinkage deformations of the model 
and prototype concrete to be related in the manner reported by Hansen and 
Mattock (5). 
In sp i te of these 1 r mf tat ions on the data from long du rat ion tes ts on 
small concrete members~ useful information which is dTrectly appl£cable to 
the prototype structure can be obtained if it is interpreted with the pecularities 
of the creep and shrlnkage relattonships kept carefully fn mlndr Probably the 
most convenient way of doing this is to use a relatively preclse prediction 
method, such as one of those reported in Ref. 3, as the vehicle for making 
comparison. If a .particular prediction method can adequately forecast the 
deformations of the model t taking into account the creep and shrinkage 
characteristics of the concrete, the confidence in the same prediction method 
to forecast the deformations of the prototype, using material behavior infor-
mation on the prototype material, is greatly increased. 
The approach of comparing model and prototype largely through analysis 
is not di rect but Is necessary, especially in this study where the model and 
prorotype are subjected to entirely different envi ronmental conditions in 
addition to being very different in size. The success of the same prediction 
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method in for~castlng deformations of both the prorotype structure in 
the field and the model structure in the laboratory may be viewed both as 
a general confirmation of the validIty of the prediction method and of the 
general consistency of the relationships between prototype and model, 
taking the different material behavior characteristIcs into account. 

7. CREEP AND SHRINKAGE OF CONCRETE 
The creep and shrinkage specImens and the Instrumentation were 
described in Chapter 4, and the results of the measurements are discussed 
i nth i s ch apt e r • 
Caution should be exercised in comparing the results reported'below 
with those from creep and shrinkage measurements on larger specImens. It 
must be remembered that the specimens were small and consequently are able 
to dry out very quic~ly, and come to moisture equi 1 ibrium with the surrounding 
atmosphere at an early age. As a result of this, the rates of creep and 
shrinkage decrease substantially much earlier than Is usually the case with 
larger specimens, and the straIns will appear quite large. This may be 
viewed as merely a compression of the time scale, which is helpful sf,nce one 
does not have to watt as long to find out what is going to h~p8n. but an 
accompanying problem is the fact that the rapId drying also slows or stops 
the hydratIon processes at an earlier age than In larger specimens. 
Regardless of any comparisons wIth more conventional sized specimens, 
the creep and shrinkage data reported here should be representative of the 
behavIor of the materials used in the model structures since the sizes of 
the specimens and the structures are comparable. 
The creep and :'snrll"'kage data are presented in- Fi 9S. 7 oi L to" t.S, t n 
the followIng format. For each of the four sets of specimens, the total 
straIns measured In the creep cylinders from the time of loading and the 
shrinkage strains are plotted in one figure, and the creep strains are plotted 
In the next. The conventional definitron of creep has been followed, in 
which it is assumed that the creep strafn Is equal to the total strain at 
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a given time after loading, less the initial elastic strain occurring when 
the specimen was loaded, and less the shrinkage strain occurring in the 
unloaded companion specimens at the same time. In the ca"se of the specimens 
loaded some extended period of time after the end of the wet curing 
only the shrinkage strains occurring after the time of loading are deducted. 
The nature of the creep and shrinkage time relationships is largely 
evident from the various graphs, but there are a few features deserving 
comment. 
The influence of the age at first loading is shown strikingly in the 
data for the beam concretes, and is visible in both the total strain plots 
and in the creep strain plots, Figs. 7.1, 7.2, 7.5, and 7.6. The creep 
occurring in the specimens loaded when the concrete was six to eight weeks 
old was only about half that occurring in other specimens from the same 
batch which were loaded when the concrete was only a few days old. 
The shrinkage strains were quite large because of the small size of 
the specimens, and the strains reached near-equilibrium conditions relatively 
soon, as the strain rates were reduced to very low values within two 
months after ending of curing in most of the specimens. 
The comparisons between the strains in the cyl indrical specimens 
and the I-section and plate specimens is also of interest. The I-sections 
and plates initially shrank considerably faster than the cylinders. However, 
this was short 1 ived, and within about six weeks the shrinkage strains in 
the cyl i nders were larger than in the other specimens. In the case of the 
beam concrete, Fig. 7.5, the rates stabIlized after about three months, and 
the strains in both specimens increased at about the same rates thereafter. 
In the case of the deck specimens, Fig. 7.7, the thin plate specimens dried 
and shrank at v.ry hIgh rates InitIally, but after about three weeks vir-
tually stopped shortening, while the cylinders continued shrinking. 
It Is commonly acknowledged that the size and shape of concrete 
specimens affect both the rate and magnitude of creep and shrinkage 
straings, but the studies by Hansen and Mattock (5) would lead one to expect 
that the shrinkage of the beam and slab sections would always exceed the 
shrinkage of 4 by 8 in. cylinders of the same material. The changes In the 
relative rates of shrinkage shown in FIgs. 7.5 and 7.7 were clearly not 
pr~dictable on the b~sls of either current theories or recent st~atn 
measurements on larger specImens of different sizes and shapes. From this, 
it appears that the use of small-scale models In investigations of long-term 
behavior must be very carefully evaluated In each specific case to determine 
whether the creep and shrinkage properties of the material may Invalidate 
the results or require extensive Interpretation in order to extrapolate 
the results to prototype scale structures. 
An explanation of the initial very high rates of shrinkage, fol1~ed 
by very much reduced rates can by hypothesized as follows: ShrInkage is 
known to be due to a combination of effects, Including loss of water from 
the concrete directly into the atmosphere, and loss of water from the pores 
as it is ~sed in the hydration processes. In a very thin specimen such as 
the deck specimens, or one with a low volume:surface ratto, the loss of 
water directly into the atmosphere may occur so quickly and completely 
that there is not 5uff(ctent water remaining to support the continued 
hydration accounting for the continued shrInkage in larger specimens, such 
as 4 by 8 or 6 by 12 tn. cylinders. If· there Is no water available, hydratIon 
-48-
must stop and the long-term shrinkage would not be expected to develop. 
This could have addrtional implications about the creep behavior of the deck 
(as opposed to the deck cylindrical specimens), but data are not available. 
The high initial rates of shrinkage and creep are consistent 
with the behavior of the model beams, in that there were large changes in 
deformation immediately after release of prestress and when the curing of 
the deck concrete was ended. 
The behavior of the different concretes was quite simi lar, when the 
results from comparable specimens were compared. This is an indication that 
the specimens were relatively consistent in both materials and workmanship. 
The fact that the deck concrete slump values were larger than the 
beam concrete slump values did not appear to have led to different creep 
and shrtnkage characteristics. This was as expected, since the water:cement 
and cemen:aggregate ratios were the same in both mixes. Only the maximum 
aggregate sizes were different. 
8. SUMMARY AND CONCLUSIONS 
This report describes the construction and observed long-term de-
formations of two single span an~ two three span continuous composite prestressed 
concrete models of highway bridge girders. The test girders~ which were six 
tn. deep and about 9 ft long, were 1/8 scale models of girders from a 
highway bridge located in Douglas County, 111£nois. 
The purposes of the work and the administration of the research project 
are described in Chapte.r 1. The materials used In the models are described 
In Chapter 2, and details of the construction procedures used i··n the manu-
facturing of the precast, pretensioned girders are given Chapter 3, along 
with information on instrumentation. 
Data were collected on the creep and shrinkage characteristics of 
the small aggregate concrete used in the girders, and the test specimens 
and instrumentatIon are outlined in Chapter 4. 
The two single span beams, with composite decks, were tested to failure. 
The tests, as described in Chapter 5, ended with a bond failure between 
the prestressIng wire and concrete in the first test, and with fracture of 
the strand In the second. Influence lInes for reactions and midspan de-
flections were determined experimentally for one of the three span continuous 
structures, and It was found that the contInuity connections were completely 
effective at the load levels considered. 
The time-dependent changes· in camber, strain~ and prestressIng force 
are presented and discussed in Chapter 6. Since the differential shrinkage 
between the slab and girder concretes was very high, the effects of contInuity 
in restraining the changes in camber occurring after the deck was cast were 
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very clearly shown. The losses of prestress were very high, generally 
in excess of 30 percent, because of the high creep and shrinkage strains 
occurring in the very thin sections. 
The observed creep and shrinkage characteristics of the concretes 
used in the girders and decks are described in Chapter 7. On the basis of 
the shrinkage strains measured in 4 by 8 in. cylinders and in specimens 
in the form of the girder and cross-sections, it was found that the 
ordinari ly accepted concepts of the effects of size and shape of structural 
members on shrinkage strains cannot be indiscrimInately extrapolated 
to very thin members. 
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TABLE 2. 1 
RECORD OF EVENTS 
Item Date Release of Prestress or No. of Days Test to Fa i 1 ure 
Name Cast Removal of Deck Forms Deck Cas t 
After Release 
Date Age (Days) Date Age (Days) 
MBl 2-26-69 3-4-69 6 58 6-18-69 110 
Ml0 4-25-69 4-30-69 5 52 
MB2 12-20-69 12-29-69 9 220 9=25-70 270/298 
*{ 
H2O 7-28-70 8-6-70 9 10"'23-70 69/97 
MB3 4-27-70 4-30-70 3 71 
MB4 5-11-70 5-15-70 4 56 
MB5 5-22-70 5-27-70 5 44 
Di i- iO-iO .. ,I' .. ,... I' ,-IO-/V 0 
MB6 7-16-70 7-21-70 5 76 
MB7 7-24-70 7-29-70 5 68 
MBa 7-31-70 8-5-70 6 59 
02 10-5-70 10-12-70 7 
* Test to failure was in two stages 
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TABLE 2.2 
MATERIAL PROPERTIES 
Annea 1 ed WI re 
Gage # Area Ola. f (Ave) f (Ave) Location y u 
in. 2 tn. kips/in. 2 k r ps/i n. 2 
13 0.00658 0.0915 39.6 46.5 Top Flange 
15 0.00407 0.0720 45.8 54.9 Stirrups 
13 0.00658 0.0915 37.8 47.7 Stirrups 
13 0.00658 0.0915 37.4 51 . 1 Deck 
11 0.0114 o. 1205 44.8 51 .4 Deck 
PrestressIng Strands (MB2 - MBa) 
Galvanfzed Oceanographic Rope - 3x19 AMGAL, 1/4" 
Adve rt J sed P rope rt r es 
f • s 
A 
s 
p 
su t m n 
lIB 246 kips/in. 2 
lIB 0.02738 In. 2 x 1/3 - 0.00913 in. 2 
lIB 6750 lb x 1/3 lIB 2250 lb 
Meas u red Va 1 ues 
P 
su i m n 
f' s· 
ave 
E 
s 
lIB 2525 lbs 
2 
lIB 276.6 kips/tn. 
6 2 
lIB 22.5 x 10 ib/ln. in air 
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TABLE 2.3 
CONCRETE MIX DATA 
w/c Cement:Sand:Gravel Max. Agg. Air Content Slump 
(by We i ght) (By We i gh t) t n 0 % in. 
MBl 0.75 1:3.17:3.5 3/8 2 1/2 
M1D 0.75 1 :3.17:3.5 3/8 1 1/4 
MB2 0.82 1 :2.92:3.75 1/4 1 3/8 
M20 0.68 1 : 2 . 35 : 2 .47 3/8 6.5 9 
MB3 0.62 1 : 2.35: 2.47 #4 (0. 185 j n. ) 4.7 3/4 
MB4 0.68 1 : 2.35: 2.47 #4 5.4 3/4 
MB5 0.67 1:2.35:2.47 #4 6.5 1 3/4 
Deck 0.67 1 : 2 . 35 : 2 • 47 3/8 2.9 8 
Ms6 0.67 1:2.35:2.47 #4 6.4 7/8 
MB7 0.67 1 : 2.35: 2.47 #4 5.6 1 
MBS 0.67 1 : 2.35 : 2.47 #4 5.4 2 1/2 
Deck 2 0.65 1 : 2 .35 : 2.47 3/8 4. 1 8 3/4 
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TABLE 2.4 
CONCRETE STRENGTH DATA 
Ave rage of th ree cy 1 i nde rs for each va 1 ue 
Item Ave. Strength (lb/in. 2 ) Ave. Young's Modulus (xl06 lb/in. 2 ) 
MBl 
M1D 
MB2 
B2D 
MB3 
MB4 
MBS 
D1 
MB6 
MB7 
MBS 
02 
At re 1 ease or 
upon remova.l 
of Deck forms 
5000 
3700 
4330 
4900 
5003 
4617 
4350 
4353 
4162 
4208 
4794 
4578 
* One cylinder only 
At re 1 ease or 
14 days 28 days upon removal 
of Deck forms 
3.75 
5220 3.60 
5340 3.45 
6020 3.58 
6010 6405 3 .. 12 
6278 2.67 
6052 2.67 
5890 61lt3 2.96 
6003 6170 2.64 
5627 6250 2.64 
6303 3.07 
5692 5805 3 .. 10 
14 days 28 days 
3.90 
3.48 3.46 
3. 15 
3.29 
3.47 3.6S 
3. 13 3.43 
2.93 3. 15 
3.30 
3.34 3.47* 
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FIG. 7.4 CREEP-TH1E CURVE FOR CONCRETE FROM DECK 1 
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FIG. 7.5 TOTAL CREEP AND SHRINKAGE STRAINS FOR MB8 SPECIMENS 
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CREEP-TIME CURVES FOR CONCRETE FROM BEAM MB8 
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FIG. 7.7 TOTAL CREEP AND SHRINKAGE STRAINS FOR DECK 2 SPECIMENS 
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FIG=.7.B CREEP-TIME CURVE FOR CONCRETE FROM DECK 2 
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